The dependence of the yeast Saccharomyces cerevisiae transformation on energy requirement was studied. The inhibitory effect of sodium arsenate, used for the depletion of the intracellular ATP pool, was determined. Incubation of the yeast cells in 5 mM sodium arsenate diminished ATP accumulation by 50% and the transformation efficiency decreased by 65%. To discriminate between ATP produced by substrate level phosphorylation and oxidative phosphorylation, the inhibitory analysis of a mutant with defective mitochondria was performed. Sodium fluoride (10-50 mM), as inhibitor of glycolysis, elicited a concentration-dependent decrease in intracellular ATP levels in both parental and mutant cells. The equal transformation efficiency of the mitochondrial mutant and parental strain, in addition to experiments with oligomycin, demonstrated the independence of plasmid transformation on mitochondrial ATP synthesis. This is consistent with our hypothesis that yeast transformation efficiency is associated with ATP produced by substrate level phosphorylation.
Introduction
Genetic transformation is an important tool in genetic engineering, and the bioenergetic aspects of DNA transport has been widely documented in bacteria. It was shown that transformation efficiency of prokaryotic cells is associated with one or both components of electrochemical proton gradient [1] [2] [3] [4] [5] . Also, elevated competence has been shown to be associated with the stimulation of glycolysis and an increase in intracellular pH and ATP concentration [6, 7] . This energy requirement is consistent with studies on plasmid transfection in murine melanoma cells [8] , where the leakage of ATP causes a decrease in transfection efficiency. An energy requirement during yeast transformation has not been studied in detail, although the energy requirement for plasmid DNA transfer through the plasma or nuclear membranes has been examined [9, 10] : Studies with N, N'-dicyclohexylcarbodiimide (DCCD), or quercetin, an inhibitor of in vitro DNA uptake, showed that yeast nuclear ATPase and protein kinase are involved in the nuclear DNA transport system. Marino et al. demonstrated the ATP requirement for the translocation of lipopolysaccharide from the inner membrane to the outer membrane of E. coli. This translocation was blocked by treatment with sodium arsenate under conditions of diminished protonmotive force [11] .
We have previously shown that the transformation efficiency of the yeast S. cerevisiae is not diminished in the presence of the protonophores carbonyl cyanide-m-chlorophenylhydrazone (CCCP) and 2,4-dinitrophenol (2,4-DNF) [12] . These uncouplers were shown to activate transformation rather than causing inhibition. The aim of the present study was to assess the dependence of plasmid DNA transport on ATP and to determine whether ATP produced by substrate level phosphorylation or oxidative phosphorylation is used to provide energy for this process. A correlation between efficient transformation of yeast S. cerevisiae and ATP levels was observed. The results described herein are consistent with our hypothesis that yeast transformation efficiency is associated with ATP produced by substrate level phosphorylation.
Experimental procedures

Yeast strain and plasmid
The Saccharomyces cerevisiae strain p63-DC5 (MATa, ade1, leu2-3, 112 his3) was used for transformation and mutagenesis. The plasmid pL3 (7,9 kD, multicopy, containing the bacterial plasmid pBR327 sequences, yeast gene LEU2 and a part of the yeast 2 µm plasmid) was employed in the transformation experiments. The plasmid was prepared according to Maniatis et al. [13] . The yeast strain and plasmid were obtained from Dr. K. Sasnauskas (Institute of Biotechnology, Vilnius).
Cultivation, transformation and treatment
Yeast cells were grown in complete YEPD medium (1% yeast extract, 2% peptone (Difco, USA), 2% glucose) or minimal YNB medium (0.67% yeast nitrogen base without amino acids (Difco, USA), 2% glucose) at 30 o C on a reciprocal shaker at 150 rpm. Solidified media contained 2% agar (Difco, USA). The transformation of the yeast cells was carried out according to Ito et al. [9] . For the selection of LEU + yeast transformants, YNB medium was supplemented with 10 µg/ml of histidine and 50 µg/ml of adenine. All inhibitors were added before the plasmid DNA. Transformation efficiency was defined as the number of transformants per 10 µg of plasmid DNA.
Mutagenesis procedure
Mutagenesis was performed by ethidium bromide (EthBr) according to Mahler and Perlman [14] with some modifications. Cells of strain p63-DC5 were grown in complete glucose medium overnight were harvested at log phase, washed and suspended to 1x10 6 cells per ml. To this suspension EthBr was added to a final concentration of 20 µg/ml and cells were spread on the solid agar YEPD medium. After three-four days growth the colonies were tested for growth on the solid agar medium supplemented with 3% glycerol and 2% glucose. Mitochondrial mutants were selected on the criterion that they should be unable to grow on nonfermentable carbon source such as glycerol, but able to grow on glucose medium.
ATp assay
Cells for ATP analysis were prepared as follows. Exponentially growing cells were harvested, resuspended in solution containing 10% sodium dodecylsulphate (SDS) in TE (10 mM-Tris/HCl, 1 mM-EDTA, pH 7.5) and incubated for 10 min. Then they were disrupted mechanically, using glass beads (Sigma, 425-600 mesh). Unbroken cells were removed by centrifugation and cell-free extract was used for the ATP assay. All procedures were carried out at 4°C. The ATP content of the cells was measured using the ATP Bioluminescence Assay kit (Sigma) based on the luciferin-luciferase reaction [15] . Luminescence measurements were made using Fluoroscan Ascent FL (Labsystems) luminometer. ATP calculations were made by using values obtained from the internal standard. Protein concentrations were determined according to Lowry [16] .
Chemicals
All chemicals and reagents were of the analytical grade. Sodium arsenate, sodium fluoride, lithium acetate, ethidium bromide were purchased from Sigma, sodium dodecylsulfate (SDS), adenine and histidine were from Serva.
Statistical analysis
Statistical significance of differences between the values was determined using Student's t test. A mean ± SD was calculated for all experiments. Values having P<0.05 were considered as significant. All calculations were performed using the Microsoft Excel.
Results and Discussion
We have studied the dependence of plasmid DNA transport into yeast cells on the ATP pool, the most commonly used parameter to describe cellular energetics. The retention of a high ATP level usually means that ATP-producing machinery is functionally intact and cell injury is negligible [17] . Also, it has been shown that yeast cells growing on glucose consume more than 50% of ATP produced in catabolism to drive processes other than the production of biomass [18, 19] . In order to define the source of metabolic energy used to drive the process of plasmid DNA transfer, the transformation efficiency and intracellular ATP levels were determined in S. cerevisiae p63-DC5 cells and an isogenic respiration-deficient mutant. Metabolic inhibitors were used to selectively inhibit the formation of ATP via glycolysis or oxidative phosphorylation.
The current work shows that sodium arsenate causes efficient inhibition of transformation in yeast cells (Figure 1 ). At concentrations of sodium arsenate higher than 1 mM, a significant inhibition of transformation was observed. These observations correlate with results obtained where ATP levels were determined: the incubation of the yeast cells in 5 mM sodium arsenate produced a dramatic decrease in ATP levels. The depletion of the intracellular ATP pool by 50% decreased the number of transformants by approximately 37%.
To discriminate between ATP produced during glycolysis and mitochondrial ATP synthesis as an energy source for transformation, a respiration-deficient mutant (ρ − ) was used. ATP concentrations were measured as 0.53 nM/mg protein and 0.42 nM/mg protein for the parental strain p63-DC5 and respiration-deficient mutant, respectively. The energy pool of the recipient yeast cells was regulated by inhibitors, which may alter the source of intracellular ATP without any significant effect on yeast cells viability. The inhibitors did not decrease the viability of the cells over the current concentration range: The number of viable cells in the presence of inhibitors was similar to that of control cultures (1.6-1.8 ×10 8 cells /ml).
The dependence of the process of transformation from ATP production during glycolysis has been studied by using sodium fluoride, an inhibitor of glycolysis. Sodium fluoride (10-50 mM) caused a gradual and concentration-dependent decrease in intracellular ATP levels in p63-DC5 cells. 20 mM sodium fluoride diminished ATP levels by 47%, and also decreased the number of transformants by approximately twofold (Figure 2 ). Significant inhibition of transformation and diminished ATP levels were observed at 50 mM sodium fluoride. The transformation efficiency reached only 21% compared to the control; although the viability of the cells was only slightly affected. The yeast cells used for transformation were cultivated under conditions of glucose repression and were highly dependent on glycolytic energy metabolism. The results presented correlate with those obtained after treatment of the cells with sodium arsenate (Figure 1 ) and are consistent with the hypothesis that yeast transformation efficiency is an energy dependent process where efficiency depends on ATP levels.
The inhibitory effect of sodium fluoride on transformation was also observed in respiration-deficient mutant cells. The level of ATP in the mutant cells treated with inhibitor decreased in a concentration-dependent manner (Figure 2 ). The transformation efficiency was more sensitive to the inhibitor than parental cells, but considering that the ATP pool of the mutant was 20% lower, the inhibitory effect was not so remarkable. This suggests that transformation efficiency is largely independent of oxidative phosphorylation.
To study the dependence of yeast S. cerevisiae transformation efficiency on ATP produced by mitochondria, the transformation efficiency of parental strain and mutant (ρ − ) was determined. The transformation efficiency of p63-DC5 ρ − mutant was 
x 10
3 per 10 µg DNA, only slightly lower than that of the parental strain.
Oligomycin, a specific inhibitor of mitochondrial ATP-synthase, was used to confirm the independence of yeast S. cerevisiae transformation on mitochondrial energy metabolism. The current data show that oligomycin at 2 µg/ml reduced ATP content only by 16% in parental p63-DC5 strain, but in the mutant cells with disrupted mitochondrial activity a less dramatic reduction in ATP was observed (Table 1) . Although the entire respiratory chain is damaged in such mutants, intracellular ATP levels were not completely depleted, owing to ATP synthesis via glycolysis. This phenomenon was also observed in oligomycin-treated baby hamster kidney cells, which maintained a high level of ATP [20] . This suggested that elevated glycolysis occurs where mitochondrial oxidative phosphorylation is inhibited.
The transformation efficiency of the p63-DC5 strain treated with 2 µg/ml oligomycin decreased only slightly, and the number of transformants was close to that of the control (2650 per 10 µg DNA, Table 1 ); the mutant cells also showed a high transformation efficiency (2060 per 10 µg DNA, Table 1 ).
The results presented herein show that the genetic transformation of S. cerevisiae by plasmid DNA is highly dependent on the energetic state of the recipient cells. We presume that yeast cells may temporarily lose competence when ATP levels are depleted, and ATP from glycolysis may be used for the recovery of the transformed cells. However, the short time of incubation with inhibitors and the strong correlation observed between the ATP content and number of transformants allows us to suggest that ATP from glycolysis may be a limiting factor for effective penetration of plasmid DNA.
Endocytosis may serve as one of the possible mechanism of DNA transport through the cellular membrane during transformation [21, 22] . It is possible that the initial steps of transformation, such as the interaction between plasmid DNA and the cytoplasmic membrane of the recipient cell, or the formation of endosomes, are sensitive to the depletion of glycolytic ATP, a substrate for H + -ATPase system of cytoplasmic membrane. As the plasma membrane H + -ATPase plays a crucial role in the physiology of fungi and plants [23, 24] 
